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RADIATION SCATTERING, YESTERDAY'S CINDERELLA, TODAY'S PRIMADOMNA
Wilfried Heller
Department of Chemistry
Wayne State University
Detroit 2, Michigan

In 1870 and 1871 the Franco-Prussian war was reging on the contingﬁt of Burope
and many Englishmen were deeply concerned about the effect of the outcome on the
continental balance of power. One Englishman, J. W. Strutt, however, was concerned
about an entirely different matter. He was wondering why the sky is blue during the
day since in absence of any reflecting matter in the atmosphere one would have ex-
pected it to be pitch black. While Wilhelm I and Napoleon III tried to make political
history, Mr. Strutt mede real history by developing a theory intended to solve the
mystery of the sky's coloration. Now, 90 years later, one realizes how tremendous
& breakthrough Strutt's theory represented. It is to the credit of Queen Victoria -
that, here again, she proved to be very far-sighted because Mr. Strutt was soon '
to be knighted 1. e. hs was alloved, in 1873, to essuwe the title of his father,
lord Reyleigh.

Rayleigh had postulated & new phenomenon in order to account for the blue of
the 8ky: light scattering. He essumed that the individual molecules in the atmosphere
on being illuminated by the sun scatter in all directions a minute fraction of the
radiation received. Assuming that ecach molecule behaves, under the influence of
incident radiation, like a 3ingle induced dipole, he calculated the nature of the
effect to he expected and found it to be essentially in agreement with the facts.
According to his theory, which he later refined, the intensity of the light scattered
fron an incident light beam should increase with the inverse fourth povwer of the
woavelength of the latter, with the sixth power of the radius of the scattering
material - assuming it to be spherical in shape - and should increage also with the

refrective index ratio of the scatterer and its surroundings.
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Since the sun «waits a contimwous spectrum (oxcept for the Fraunhofer lines),
the inverse fourth power law shovs at once that scattered blue sunlight (4500 A)
i1l be more than three times es intense as scattered red sunlight (6000 A) on
acsuming, for simplicity sake, spectrnol invariance of the sun's brightneso within
thege limits. The blue color of the sky was thus explained quantitatively. In
eddition, if anyone would have asked lord Rayleigh in 1871 as to what the earth
would look like from outer space he probably would have anawered without hesitation
that the earih must look lile a ball surrounded by & very beautiful bluish violet
halo, whencver direct sunlight does not interfere with the observation. This in
fact has been observed by Glernn on his orbital f£light and by the others who preceded .
and followaed him. (The June, 1962 issue of the Netional Geographic Magazine gives
on pages 308-810 beautiful color photographd of this halo &s taken by Colonel Glemn.)
An obricus corollary of this preferential blve scattering is the fact, well known
4o all of us, that the sun itself cay look reddish during the sunset or sunrise, i.e.
if 1t is viewed thro:gh thick erough layers of scattering material (through the
maximal optical thickness cf the stuosphere plus haze). This better penetration
of long wavelength radiation through haze 1s the simple reason for using infrared
vhotography for objects obsacurcd by haze or clouds. The strong increase of Raylaigh
scattaring with particle size explains readiiy ilev the relatively small amount of
tiny smoke particlec rising from the twrning end of a cigar or cigarette viewed
laterally in ordinary Gaylignt gives rise to a relatively intense beam of scattered
blue Mpht, while, on the other hand, e tremendously largs mmber of molecules of
nitrogen and oxygen in the atmesphere, i.e. an gpprecisble atmospheric thickness,

‘are pequlred to leed to the same effoct on viewing the sky. The importance of the

refractive index cifference batween scatierer and enviromment msy alsc be demonstrated
by & sinple experiment which everyone of us has carried out, involuntarily, at one
time or another. A sheet of typewriter paper soiled with a speck of butter from
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a sandwich becomes transparent where it has been touched. Typewriter paper is
opagque due only to light scattering by a dense network of fully transparent fibers.
By substituting fut for air as the medium in which the fibers are embedded, the
retio of the refractive indices is reduced from 1.55 & 0.03 to 1.06 and this, in
turn, reduces the scattering appreciably (the refrective indices involved are:
cellulose, 1.55 < 0.03; utterfat, 1.46; oir, around 1.00). To be sure, the
scattering process is far more complex here, the particles being very large, non-
spherical, and intertwinded which causes interference phenomena. Bowever, the
refractive index effect is here, qualitatively, the same as in the sirpler case
of Rayleigh scettering. {(In the case of Rayleigh scattering, the reduction in
the refractive index ratio indicated would lead to & more than thousand fold
increase in transmittancy.)

Those who have performed, before reading this far, the scattering experiment
with cigar or cigarette smoke may have noticed that the smoke coming out from the
end opposite to the burning end has a grayish or brownish color. While one has,
here agnin, an effect of light scattering, it does clearly not fall within the
range of the Ruyleigh theory. The smoke particles in this instance are far too
large to be considered as single dipoles. As & rule of thumb one can say that
the Rayleigh theory will fail if the longest dimension of the scatterers exceeds .
about 1/20 of the wavelength of the rndiation used. While the blue smoke therefore
consists of particles smaller than 1 millionth of an inch, the particles in the
groy smoke are &ppreciably larger and are probably of the order of hundreth thou-
sandths of an inch. (This is the result of particle aggregration during the
transport of smoke through the tobacco.) Another common example of scattering by
relatively large perticles is the grayish ray of light coming through a tall church
wvindow. Here, the scattering particles arc dust particles. While grey coloration

of the scattered light is the phanomenon generally observed if the relatively large
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particles are present in various sizes, soingularly striking colors of any hue
in the spectrum are liksly if they all bave approximately the same size. This,
for instance, is the ceuse and the prerequisite of the beautiful multicolored

sunsets occasiondlly obcerved, particularly if the lower layers of the atuowsphere

and peripheral areas arcund clowds contain a large amount of tiny water droplets
of sbout the same size. Theese larger rarticles in the lower atmosphsre are, of
course, alsc responsidble for the red, yellow and gray bands vhich are seen from
outer space between the blue Foyleigh halo ard the boundary of the earth (cee
the photographs referred to abeove). It is fairly easy to anticipate that these
ron-blue bands will be more proninent cver heavily pomilated areas than over
dz2solate areus and occans. In addition to the complicated epectral variaclon
of scattered light, one observes with relatively large perticles geveral other
charecteristically different scatiering properties. Ameong them three are
particularly notevorthy. First, the light scattered in the forward direction,
i.e. in the asxe dirsctiion traveled by the incident radietion is larger than
that scattered in thke backvard direction. This Jopsidedness increases rapidly
witt size. (In contradistinction, Rayleigh scattering in the forward and
btackvard direction are equal.) The naxt tine you are driving in misty weather

up tovards the crest of & hill you will want to verify this preferential forward

scattering by the following simple observation: & car vhich is travelling towards

you, btut is still out of sight Lelow th> crest of the hill, sends up an impress-
ively bright bean of light; a car travelling anead of you in the seme direction
in vhich you are going will also send a beam of light up inflo the sky but this

geattered beam, viewed by you of course in the baciward dirsction, is incomparably

weaker. The seconé noteworthy difference in the scattering by relatively large
rarticles is thot the total amount of light scattered by a system of given
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concentration 0f scatterers per unit volume reaches & maximun value at & very
specific intermediate particle size. For this phenomenor also one can cite
a common experience: the brightness of a distant light source or the visibility
of & distant illuminated object are minimal in fog while they are better both
in misty weather and in & heavy drizzle. The average water droplet size in fog
is intermediate between that in ths two other instances and it is such that it
produces the maximal hiding power. The implications for the production of
smoke screens of raximum efficiency are obvious. The third interesting differ-
ence in the scattering by relatively large particles is the fact that the
scattered light observed at an angle of 90° with respect to the incident beam
will be found to be only partially polarized while Rayleigh scattering is, for
the same angle of observation, fully polarized. This phenomenon is outside of
the reaelm of easy everyday experience, but its practical significance and
importance ranks with the others emumerated.

The problem of the theory of scattering by particles which are not
smll comparcd to the wavelength can be divided into two cases. The first is
that of spheres. All possible contingencies that mxy arise here are taken
care of by a theory developed by Mie in 1908. However, the extreordinary
difficulties arising in actual calculations have delayed its full scale
application until electronic computers became available. The second case
is that of nonspherical particles. Here also a most useful theory exists,
again initiated by Rayleigh (1911). It is, however, applicable only in the
limiting case that the refractive index of the scattering materisl differs very
little from that of the surroundings. Very slmr:hr progress is being made in
developing theories in which this limitation will be reduced gradually. In
the meantime, one must be satisfied with various approximating treatmeuts.

The great importance of light scattering derives from the fact that it



allows one to inveotigate quantitatively an amezingly large mmiber of problems
in many fields of human endeavor. This can be done without interfering in any
way vwith the system investigated. One of the reecons for this unigque position
of the light scattering method as an anslytical tool is the fact that there is,
in principle, no limitation as to the wavelength that may be used. The phenomena
tractable by the existing theories are the sams 0 matter vwhether ths rediation
is that of visible light, or is of shorter wavelength (ultraviolet, X-reys,
gaxma radiation), or longer wavelength (infrared, far infrared, radar or
broadcasting vaves). This is due to the fact that the absolute size of particles
does not matter, only the size relative to the wavelangth is irmportant. Thus,
hollow Al- sphores one inch in diameter strewm into the atmosphere will scatter,
i.¢. attemste radar waves quantitatively exactly like tiny Al- spheres, one
tenthousandths of an inch in diemeter, willl scattoer visible light provided only
thet differences in the refractive indices at the two wavelengths are taken
into account.

On reviewing the development of science, technology and national defense,
during the last fifteen years, it is amazing to see how large a comtribution
the vnderstanding and the application of rediation scattering has made in all
these arcas. The space available here allows one to give only a fevw significant

examples. The amezing progress in the fields of polymer chenistry and biochemistry

is to a large extent due to the fuct that light scattering has provided a rapid,
reliable and precisc methcd for determining molecular weights and approximate
molecular shapes and hos allowed one, what no other method is capable of doing,
to follocw the kinetics of changes in these qualities. Noteworthy here is the
pioneering work hy Zimm and by Doty in the lete forties. In all these areas,

it is primarily Rayleigh scattering vwhich has, at last, teken its place as a
tool in scientific research which it so fully deserves. A larges part of the
credit for this goes to Debye who, in 1943, put the final touches to a theory
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developed by BEinstein in 1910. This theory, though based upon an entirely
difforent approach, is fully equivalent ;o Reyleigh's theory. It has, however,
the adventage that the fina) equetions arrived at facilitate the practical
application of the scattering effect ard mrtﬁemre allow one to obtain, in
addition to the primary informetion on molncular weights and shapes, information
on the thermodymamice of the systems and processes studied. In the field of
colloid chemistry which deals with particles too small to be seen in & micro-
scope, but larger than an average macromolecule, the growing exploitation of the
Mic theory bas put us Just now on the threshold -of & full understanding and
control of the behavior of emilsions and of aerosols, .to name only two important
classes of systems in this area. (Experimentally, the work on scattering by |
aerosols vas initiated in this country Primarily by Ia Mer (1543].) In variocus
labrratorics, extensive theoretical work is underway concermed with the quanti-
tative evaluation of redar attemuation by tiny atmospheric ice crystals and by
various types of cloud formations One also has available now complete theoreti-
cal information (results of the vriter published tims far only in preliminary
form) which will allow one %o predict the exact range of particle sizes which
for a given wavelength in the visible range, in the range of radar waves or of
broadcasting vaves, will lead to minimm rediation trenasmission or maximum
rvadistion reflection. fThese and other developments in the acience of light
scattering bold the promisc of a more fruitful investigation of fogs and smogs.
A full understanding that thus may te achieved, certainly will be the decisive
step towards eventual control or complete eradication. Fog and smog are the
ultimte result of & large accummlation in the lower atmosphere of dust and
debris from combustion which act as nuclel for vater condensation. However,

the conclusion that the upper atmosphere is pure and clean would not be
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Justified. Ildght scattering experiments quite recently shoved that dust may

be carried by eddy currents as high as 80,000 feet. This finding, incidentally,
leads to a solution of the puzzling problem &g to why the sky is brighter than
one would expect from Rayleigh's theory. Investigations by space probes gave
exactly the same results on the poliution of the upper atmosphere, the only
difference being that light scattering gave this information at a considerably
sm.ller cost.

The sky, however, is not the limit for scattering enthusiasts. They
already are busily engaged iun wresting from outer space many of its secrets
without having to take their feet off the ground. One hopes to clear up by
scattering experiments the unknown depth and concentration of the atmosphere of
Verus by studying its effect upon & beam reflected from the surface of the
planet. It also is reasonable to expect that scattering may give useful
information on the consistency of the surfece of the moon which is being debated
so much. No attempts in this direction seem to have been made thus far. Light
scattering work has also begun to extend beyond the reaches of our solar system.
Particularly fescimating is the work of the Belgian astrophysicist, Dr. Swings,
on the radiation which comes to us from comets. Superimposed uﬁn their discrate
enission spectrum is a continmuum which now has been found to be due to the
scattering of sunlight by cometary dust. Moreover, this dust effect appcars
to be larger the oldexr the comet. Therefore, a method is developing here
vhich will allov one before too long to tell the age of a comet from the amount
of dust it bas managed to collect in its tail. Where all this dust comes from
has also been partially explained by light scattering measurements. Thus, it
has been found in England that the solar F-corona mey be understood as the result
of scattexring by dust. The sun thus may turn out to be one of the dust generators,
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vhile the comets may belong to the class of dust catchers. The "cosmic dust",
as it 1s called, often is present in space in such large concentrations that
it partially obscures the rediation from distant galaxies. These giant blobs
also are the object of light scattering measurements in the hope to obtain
further information on their mysteries.

Returning now to earth and proceeding in the opposite direction, i.e.,
entering the microcosmic world of the atomic mucleus, it is common knowledge
that much of the progress made here is due to experiments with the clouwd
chamber and, more recently, with the bubble chamber. Here light scatiering
makes visible convincingly, though indirectly, the paths taken by Q-particles,
protons, electrons, posiirous, mesons, and to follow the interactions of the
gso-called "strange particles" of rmeclear physics. Phenomena such as neutron
scattering also are treated by means of theories which in many respects are
related to the scattering of electrotmgnetic waves. An application of scatter-
ing which is of particular concern to meny of us is its use as a potentially
powerful tool in medical diagnosis. One successful example dating back to
the waning pexriod of World War II is the examination of donor blood for the
degree of non-gpherizity of red blood cells by & rapid experiment on the
deviation of laterel scattering from symmetry. Another exumple is the present,
intriguing work by Boyle and associates who helieve that the presence and
development of atherosclerosis may be detected and studied by light scattering
measurements on blood serunm.

Rapidly developing also is the theory and practical application of light
scattering of transparent or trenslucent solids. Here light scattering may be
due to a dispersion, within the solid, of gmses or of liquids or, it mmy de

due to the formation of tiny regions of molecular orientation within the matrix




10

or it may, simply, result from internal strain or from cavities. In all these
cases, internal refractive index differences arise and the resulting optical
inhomogeneity leads to light scattering and, consequently, to more or less
pronounced opaquensss. A good example of a solid rendered'opem by the
entrapment of tiny droplets of water is the pearl. Its delicate bluish gray
color origlnates exciusively from light scattering. (Therefore, you should
never heat 3 pearl above the boiling point of vater.) An example of light
scattering due to differences in molecular orientation within a solid is the
scattering by polymer films, studied in this country at present primarily by
Stein and collaborators. It gives valuable information on the intermal
structure of polymer films. A lesson learned from the fmct that inhomogeneities
in solids may make them opaque, due only to refroctive index differences, 1is
that one now can make glasses, particularly plastic glasses, more transparent
than before by simply eliminating or matching refractive index differences.
One has even succeeded to manufacture trenslucent rubber tires by using exctic
fillers instead of carbon black. Unfortunately, their mechenical properties
8till leave much to be desired. Once this bottleneck is ironed out, translucent
tires may well become the next fod of car owners, particularly since white side
valls have already become o cormon place that they can no longer be used as
a mark of personal distinction. Into this category of light scattering phenomena
belongs also the finite, although extremely weak scattering by liquids where it
is due to local statistical density differences caused by the thermal motion of
the molecules which make up the liquid. Of potentially far reaching theoretical
importance here is the very recent attempt by Debye (1961) to use this phenowauon
in order to obtain in liquid mixtures information on the rengs of molecular forces.
The radiation scattered by molecules, perticles, or inhomogeneities has
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thus far been considered as being unaffected by that scattered by neighbors.
Actually there is an interference between the individual scattered wavelets,
more so the smaller the distances of neighbors, relative to the dimension of
the wavelsngth. A whole host of theorctically interesting and prectically
wost important phencmens can result from such interferences. Some of them
belong in on area which the uninquiring mind may wish to classify as a part
of the "twilight zone". We will limit ocurselves to & brief outline of the
latter which are perticularly intriguing.

When you drive along & highvay or & hot swmer day, you may see dark
patches on it in the distance vhich look Jjust like water. Then, when you
come closer, they vanish. The next time wken you meke this observation,
stop while you sea these patches and wait urntil o car passes you end drives
over those patches. You will be amazed to see that the car ssems to lift
itself a few inches off the ground and to treavel in air. Moreover, you may
sec fts understructure reflected on the patchss. What is the reason? Within
2-3 inches off the ground, the temperature is 30° - 50° higher than further
up. e to the resulting refractive index differences, the thin hot air layer
scatters quite difrerent];/' than the air gbove it. This results in refraction
and reflection. Although this is contrary to everydamy expesrlence, this
phenamenon shows that not only solid surfaces, but surfaces separeting gases
of differeni opiieal properiles, can-producd perfect rofladticassdue to-
the reason stated. The practical result, in the.present instauce, is the
macroscopic effect of (a) invisibility of the ground proper end (v) reflection
from the upper border of the hot air layer, provided only thot the angle which
the particular area on the higinmy mkes with respect to both the sun and the
direction of your vision is Just right. Similarly you may, for the same reason,
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on driving ecross Utah's Salt Lake on & hot afternoon; suddenly sce one of the
mountains on the horizon detach itcelf from its base, an experience which this
writer will never forget. Flying saucers also belong into this category

of phenomens, although here the diffuse reflection and refraction originate

at the surfaces of vortices of the air which differ in density from the rest

of the air. They ere gencrally circular and, according to Helmholtz, may

be extremely longlived. They may, therefore, have travelled far from the

place where they were geperated, for instonce by & jet breaking the sound
bayrier. Unquestionabl_y, pkotograpns of this vhenomenon could be. taﬁen if

and vhen the density difmmnceé are large enough. Ancther phenomenon which

is even mwore closely related to our "flying automobile" and which turned out

to be of extreme practical usefulness, is that of transhorizon vwave propagation,
due to diffuse reflection on stratificetions in the uppermost sections of the
etmospbere. The closely relstied but optically more perfect phenomenon of

feto morgana requires specinl temperature gradients similar to those which

lend to the car riding in tke air’/ We all have felt sympsthy with the man lost
in the Sshara desert who became elated on suddenly seeing the mirage of an oasis
in the distant sky. Helas, vwe cannot control these phenomena yet, but eventually

ve may. If that happens, there is no way of predicting how real estate values

_in the MoJjave desert will skyrockat since real estate agents may then de able

to include in their package deal a permcment fata morgans in the backyard

allowing a choice view of a selected section of Yosemite National Park.




INTRODUCTION

The present technical report is a survey article on the scatter-
ing by spheres to be published shortly in & book entitled "Electro-
magnetic Scattering" by Pergamon Press. It differs from the article
in as mich as section II has been eliminated and & few minor other
cuts have been made in order to conform to the limits imposed upon
the length of the individual contributions made to this book. The
great mjority of the theoretical and experimental resulte discussed
in more detail are those arrived at by the Research staff of this
laboratory under the Sponsorship of the Office of Naval Research.

The original Figure 5 was eliminated in this report because it
would bave required about 100 photogrephic reproductions. The Figure
was uot considered sufficlently important for an understanding of the
text to burden the project with this extra expense. The elimination
of this Figure led, however, to a mixup in some figure numbers,
discovered afier hectogrephing had been completed. In order not to
delay issuence of this report any longer, an error guide is inserted
on the following page which should exclude any possibility of confusion.

It should be noted that Figures 3, and 4, which were oversized,
have been split in bhalfs in order to insert them conveniently in this
report. Figure 3 is split into an upper and a lower half. Figure L
is split into & left hand side and right hand side hLalf.
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THZORETYCAL ANL EXPERTHMENTAL INVESTICATIONS (i TiE
LIGHT SCATTERING OF COLLOIVAL SPHERES

Wilfried Heller
Chemdistry Dspartment
Wayne State University
Detroit, Michigan

I Introduction

The moot important theorles on the scattering of electromagnstic radiation
by spheres were devoloped prior to 1940, the firet thoory by Rayleighl having Leen
formilated more than 90 years ago. Experimentation in this field was also quite
active between 1500 and 1940°. Large scale exploitation and refinements of
exioting theories and intensive experimentsl application of the scattering phe-
nomena did not, however, get wnder-way until # year or two after the beginning
of World Yer {I, Ouly then were the potentialities of the light scattering method
more fvlly recognized and talken advantage of in connection with pressing defense
problems3. It is not possible within the space available here to do proper justice
to all ths excellent theorctical and experimental work that has been collected
during the past twenty years on the scatiering of spheres, The intention is rather
%o point out the most interesting new facts elicited from the theory, particularly

from that of Miel

', and the most promising experimental methods used in the recent
pasi in order to taks best advantage of the theory in the study of systems con-

taining spheres.

Il BEssentiala of the Theory of Scadtering by Spheres

The scattoring of a diclectric nonzbsorbing sphere (conducting spheres
will 20t bs considered here) depends on two variables: 1) iis size relative to
vhe wave length of the oleciromagnetic radiation., It will be expressed in terms
of «

it

2 ws"ﬂ‘//) where r is the radius of the sphere and /| 1is the wave
léng‘bh in the wedium; 2) its dielectric constant, £ 2 5 relative to that of the
surrounding nediuvn, 6/ » which ghell be expressed in terms of the relative

refractive index, m = “2/”1’ whsre ny and n, are the refractive indices

*Tnis work was carried out with the support of the Office of Naval Research,

y ..
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of the sphere and of the medium respectively, (n = £ ). In the simple case that
oK ~>0, the radiation scattering by a sphere is that expeocted from oscillating
dipole induced by tho external elecircmagmetic field. This case is covered by
the Rayleigh thooryl. As loag as the sphere is so smell comparsd W the wave
length that the phase of tho exciting ficld is, at a given instant, virtually
the sme throughout the particle, isotropic inhomogeneities within the sphere
do not affect the validity of the thsory. Ilowever, thay co-determins the effective
value of ny and the absolute magnitude of scattering. Consequently, Debye's
theory of light scattering by soJ.utions5 » which was of declsive importance for the
modern development of polymer chemistry, is fully equivalent to Rayloigh's theory.
A randowmly coiled dissolved macromolecule very smsll compered to the wave length
will scatter radistion like a random assembly of spherical micro~beads (molecr wr
segments) connected to each other by valence bowis. Here, as in the ocase of
the actual Rayleigh sphere, one "collective" dipole represents quantitatively
the contribution to scattering of ail the volume elements (beads and solvent
molecules contained with the quasispherical. volume of the macranolecule)”,

Since the Rayleigh and Debye theories ars valid only as long a8 -0,
it is important to know how large & actualiy may b2 before a serious error is
comuitted on using the equations srrived at in these theories. Tho total error
in & -detorminations by scattering measurements should not exceed 2% at the
most, including the eryors in measurements of the refractive index and of cone
centration. 4 deviation of 2% of (¥ calculated from the Rayleigh equation is
therefors & useful upper limit for the range of practical application of the
Reyleigh or Debye theory,

®he interpretation of Debye scattering by macromoleculss given here is,
of course, different from but equivalent to that actuslly underlying the Debye-
Einstein theory, namely that the scattering effect may Le considered as the
result of fluctuations in concentration (see e.g. (6)),
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On this basis, the upper limite ave arrived at in Tsble I'., The limits of
validity are given for the specific turbidity, defined in Section I1I. They
are virtually the same for sny other light scatiering quantity"o

As the sphere becomes larger, it is no longer possible to replace the
oscillators within it by a single representative dipole since there l& now a
finite phase shift, in the direction of the incident beam, in the oscillation
of both the primary and the scattersed eleciromegnetic field soross the sphere,
Conssquently, in addition to the scattersd wave of the single representative dipole,
a second partial wave to be ascribed tn the first elsctric quadrupole and a third,
due to the first mangetic dipole, become now important., If the aim is merely a
modest extension of thzs & -range accesaible to quantitative treatment without
imposing eny restriction on ths value of m, one usy then maks use of Stevenson's
extension of the Rayleigh thaory', in which precisely these second and thdrd
partial waves are taken into account. The Stevenoon equation extends the range
of particle sizes accessible to quantitative determinations two to throe fold
depending on the value of m6.

For stlll larger particles additicnal partial waves make finite cone
tributions to the scaticred wave. Now, one can obtain relatively simple relations
only provided it is assumed that (m-l)->>0. This, of course, implies the assumption
that the eloctromepgnetic field inside the particle is the seme as outsids and is
homopencous througbout. The best known theories developed for this limiting
cese are those of Rayleigha and of Gans9, comonly referred to jointly as the
Rayleigh~Gans theory and the second (chronologically first) theory of Debyeil,

*The & -valuss arrived at by means of the Mie-equation (see Section
III) are considered here as the true ¢ -values,

*#The percent deviation depends on the scattering quantity considered,
to a significint extent, only if its admissible value is set, at lesst, at 5%,
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In the Rayleigh-Qens theory, the sceticring functions arrived at may be oomsidered
as the resultant of the contrilmtions of dipolar, guadrupolar, octepolar and
higher polar partial waves, both cleciric and magnedde. In the Dobye theory
(which originated with the scattering of X-rays), the clemeatary concept of
exclusive dipolar radiation is maintained, However, a particle i3 now replaced
by on array of dipoles whose coherent radiation is nc longer in phase. The
intencity of the radiation scatteréd in. a given direction is therefore, in a
first opproximatiocn, given hy the collective interference of the wavelets emanating
fron the individual dipoles, each belng representative of a volume element of
the particle (or molecule) omall compered to the wave lengtii. The equationa
amrived at are fully equivalent to those derived from the Reyleigh-Gans equation.
There is, however, one physicelly interesting differencc: the factor P (see bvelow)
which is nrrely o ma'bhém‘aical quentity in the Raylisgh-Cang equation, assumes
here the significance of an "interiarence i'&CiJOZ'”%u

A gurvey of the performauce of the thearies just outlined is given in
Fig, 1, employing the pwinciple of "eirwoar contour charts“lB. The sraphical
resuits are based upen a comparison of the (A 27/c ) data obtained from the Mie-
thoory discussed helow with those cbiained from the cther theories. Within each

of the differcntly sheded areas the error is & , on using the respective theory

*since the scattered wavelets zro all in phase in the direction of the
primary beem, P=l in the forwazd direction. Consequently the light scattered
in the forwerd dlircction is egual to that caloulated from the Rayleigh theary
for smell sphereal provided, of course, thaid (m-1) >0, This forms the basis for
Zirm's elezant irethod of determining largs moleculer weights by extrapolation
of angular scatioring fatemsities to ths forwerd directiontl. The Zimm msthod
will, of course, bo quamntitatively correct only as long as a second type of
interference affect, that bstwcen ths scatiered and primary beam in the forward
direction, can be neglected, i.¢, as long as (m-1l) is vary small and, in addition,
ag long as ¢ i3 not very larget<.

A.._ a0
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is less then 5%, The conbowr line separating sach sheded avea from the rest
of thes dlagram is the 54 deviation line; beyond il tho deviation i3 > 5%.

(On considering a 2% doviation as the porvcisnible wmaxiimim, each of the aveas
would bs distdnetly smaller.) The exrvor coutowr charte are, obviocusly, somewhat
dLiferent cn considoring, instead of (A (v Je} s angular scattering date, but the
chavscheristic Leatures of the c&n‘sours are the ameg‘!‘. The following hitherto
wimoun and rather suwrprising facte emerge frem tho charis: 1) the range of

G —vsluss nececsible by meens of the Rayleigh theory incresses significantly
with n, {(Beyend m = 1,35, however, the reverse trend wmanifests itself,); 2) the
Reyliegh-Gous ard Debye theovies (4o be referzrea to 23 R-0-D theory onr account
of thoir sauivalence) ore, withia o narrew & ~renge (£rea about 2,0 %o about
5.0}, valid ab m-vidnes in cxcess of 1.1¢, and from an @ of about 0.8 up to
aboub 9.5 valid ab n-veluas &5 lowgs as 105, Thisg dofinez, in practical berms,
tha coussquente of the Sheorctical stiplation thed (m-2)~90; 3) the R.4-D
Lheer; i3 limited to extrowely sl (e-1l)-values ab vy low & ~values which
Aldnstrotes the grave »inke luredved in its ap»lication to pclymer scluiions,

Feor ald those ¢ - and gevalues witch dre act eouverad by these three

1]
theorice, o s Lo use thes Hiz-Wweor b3t geriet) Ly accwrate dats are desired.
The sniy exceplione ave very large U -vuiscs (Lo gcz than ebout 50) where
Tormalistic  wront monts based upan or icioted o gocmatrical optiecs msy be quante

ftetively adoqrobo. ’i".ze Mio theery tales Lmlleitly £wlL sccowst of the Following
corplicationg shick arise wilen neither 5020 nor {m-1) -»0: 1) the anplitude
of “he ogelllations (the cleciric ernd nognetic £ield strengths) within the sphere
Gilfers fren thod dn e wodiin and a phaue ghift cecurs at the boundary between
neddun and sphove; 2) the wavo length within the sphere differs from that in the
pediva; 30 ho phase of the excibting field aud, conuegquently the phase of .tha
seatioral old, Lo, ot any inolant, dfferent in different volunms elezments of the

gTagrs, wee 2o bhe lorgor the sphore; L) the scabtered ficld affects the primery
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alectromgnetle fiedd. The restwwriction iwmposcd in the Rayleigh theory that

O -? 0 allows wme to disregard cemplicotions (3) mad (L); the restriction
imposed in the R-O-D theory +hat (w-1)-> 0 allous ong Lo disregard complications
(1), (2), and (L), Facbor (2) and the resuiing inhuaogeneiby of the electric
ficld inside the pm:-ticle"s load Lo depolavicatien, au elfect which therefore

in nob sccombted Cor in the R.0-D tiecry . Factor (3) leads to ellipiicaily
polarized light axcept For observaiim »h $0° uith respect to the incident beam,
end 2lso cxcept for (indirect) onservation in the forwsrd and backward directdon
if the electric vector of the iucident beem forms an angle differing from both
0% and 90° with tie plone of chaervation. Factor (L) it responsible for

amplications ir the deternriualica af hae refrective index of strongly scattering

LR
LRIP2Y
dissolved or dispgersed motari 21,

The methernatical expreesions ot whilch Mie arrivres are unforimnately very
coeplicated. ‘thorasiove, exccpt for sor-s weaswmiably systenuilic, exploratory
compuiabions of iight scatimcivyg funeticne iy ﬁlm'.er:'s , relatively little com-
outational #ork was Joua prioe o 1845, Tune odvent of electronic computers
dseisively changsd thio situation. The fixat cystemaiic electrondc computation,

still n:t redatively medest scops by Lo **376 wes foliowed by the first large

A A AP Pt TR T T EER T maew A W e o e -

*re may with ceritain reacreations ou account of the smaliness of the
scabterers Whiess & T 102, Lalk insiced of the distortion of the wave front
first in tle seavteriur sphere.  wUhe foont 1o uo lenpgor on & straight line

3

perpeadicwlar to hi ipeident tiong bat ls osurved.
reds da puobably the mos’ serists shortcomirg of the R-G-D theory,

Since the iUl thoowy hos, ca the olher nand, the ll"éz’lu adventage of not being
restricted to spherical pariicles ag tis Mie theory is, sttenpls have been made
in this lakoratory to romove, &b least partially, U.v shortcoming cited. One
of o abbenpts alw=d in Shis irect Aon, what by Y. Tkeda is described clsewhere
in thic volume., Tha othor by A. F. Stesenson, w'i'j.l b2 descrilbed in due time
elseuhore,
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scalc ovalvailon for w-values 2 J...3317 (unick ars of interest primerily for
acrosols), and for m-values £ 1.30 (which are primarily of interest for liquid
suspensisns of Spheres)ls. Sines interpolations of scattering functions are
rather dlfficwdt ab large mevalues where all the funchtions oscillate extensively
with both & and m, additiemal very elaborate camputationo for m-values ?1.3019
represant & wost imporiant additlon to the tabular raterial providad by Sliepcewvich,
Taking into account alse recent tabulations for specisl ¥ - and m-valueszo s
oue can say that the practical use of the e theory ic now assured for virtwally
any & - and nevaine wWalch one may oralnarily espect to encounter for dielectric
sphores on using light waves. USn important initial sitep in computing Mie-~functions
for seleclively #bsorbing sphercs has olso been wade recentlyzl. Similarly,
as yrb unpublished ccuputations are being carried out by varions suthors in a
large scalz abttewpd bo cover those special m-valwes which are of particular
intercst in micrownve scatbering end in gpace physics and meterolog;yzz to the
exianty that Perndorl's cowmmitations do not covor them zs yel as fully ae desirable,

In view of tho cxtensive tubulations ol scattering furctions on the basis
of the Mlc theory, = sories of spprowicating thooretical Lreatments, intendsd to
e pertlal aubstitutes for the e thecry, heve lest their previous interest as
far as the acattering of spherer is concerncd, Some of thom retain, however,
considerable interest on account of bthedr potentiel or actual applicability to the
ccatlering by nonspherical bcdies%. Particularly ncteworthy for this reason are
the following them.‘ies:_ 1) 2 theery by loet snd Mcntroll‘23 waich 13 compereble
% the B-G-D theory in &s much &3 the field sirength (smplitude) in the particle 1

ard mediam is assumed to be the save, tut differs from it by assuming that the

*For such bodica, the developmen® of an equivalent to the e theory,
although attompted?®, cen hardly e hoped for in viow of the quite extra-
ordimary mathematical diffienlties which ave encoumtered,
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wavo length in the particle and medium differs. An error contour chart would
probably show a aligh‘bly better performence than that found for .the R-GQ«D theory;
2) a theory by van de Tulst?® iu which the phase shift in the primary electro-
magnetic field at the surface of the scattoring particle is taken into account,
while, on the othsr hand, both field strength and wave length are assumed to

be the sawe in pariicle and mediwm. This theory also is apt to show a slightly
better performence than the R-G-D theory.

Two other types of approximating treatments specifically concentrate m
simplifying the Mie~expressions. One, by van de Hulstal‘, iz based on neglecting
in a series development of the Mie equations those terms which at large ¥ -valuss
contribute relatively little so that Ysmoothed out® scabtering curves are obtained.
This approach allows one to define in gocd approximation the & - and m-values
at vhich maxine and minima of the scattering coefficient and of the angular
scatiering ocour (see Section IV for a doiinition of theso terms). Related inm
purpose ig a second simplifying treatment by Hari and loatroll pertinent to
large & -~values230

Tha sane objectives aimed 2% by the two preceeding treatmonts can be
achieved by substituting, whenever possibie, for the Mie-functions analytical
expressiors derived from dataactually computed from the Mie-theory. They
necessarily negléét the small "wiggles" in the Mie-curves but obvious_ly, give
accurate rasults within the Q. - and m~range or ranges of their validity. Thus,
Figs 1 shows the (@ -m-area m.f;);in which several suitsble chosen analytical
expressions duplicate the results of the Mio-turbidity data®, Stuilarly, the
variation of the turbidity maximm ( or of the prominent first meximum in the
scattering coafficient) with 0 and m can easily be expreszed by simple

analyticel e:pressionsaé. Lastdy, the location of angnlar maxima and minina
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follow relatively simple analytical eoq:resnion-27’28 as long a8 m 18 not too
large,

III Pormulation of the Practically Importsnt Expressions with Emphasis on
those Dorived from the Mie Theory

Since several exsellent threatises describe the essentials of the
mathematical treatment by Mie2?, 1t is sufficient here to develop those final
equations which are of direct experimsntal interest., For the sake of uniformity,
the symbolism introduced by Mie will be adhered_to as far as is practical.

The basic dimunsionless quantity obtained from the Mie theory is 1.

It is a function of @ , mand J'nm and its calculation involves the use of
Bessel functions and Legendre polynamials. Depending on vhether the electric
vector of the incident linearly polarized beam vibrates perpeudicular (i / )
or parallel (i , ) relative to the plane of cbservation, the Mie theory
yields :

o o | p)
4y ()] z [{AWR. € fouio g+ B, d B, (cwd*)ﬂ/]l W
AL Rl 0 o8 R g,

Here J‘is the angle of observation with respect vo the reverse direction
of the primary beam”. Since the full definition of the quantities A, B , @d
Pnl i3 quite space consumling, the readsr ig refarred to one ol the repeated
definitions given in the nwratu_rél. A1l practically important equations
are directly derivable from eqs. (1) and (2). Considering first the radiant
energy soattersal by a single sphere in the direct;on / s assuming the incident

*It is more common at present to use instead of the Mie-angle 4  rather
the angle between thie dirsction of cbeervation and the direction of the primary
beam, (3 .  Cbviously, anr-(.
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bean to have unit intensity, one hag the relations
AZ.
T ) = == <4 (), ()

‘7/' (J') AL:;'/ 2 < /" / J:)J

g ()
and
‘2. . I3
Ju (&) = g (e rn)yy (5)

fare, r s the photometric distence and the subscrip® u identifies an unpolar-
iged insident beam, These and all following equations sre valid if ¢ >3 A.
More convenient than the dimensiculess quantity j is the quantity

! .

](J) = A% ]{g}- cm? (%)
uhich represents the lnteusity of light scattered per unit solid angle and pev
unit intensity of the incident besm in the direction (// » Equation (6) is all
that is reedeod if the sphere ic large cnough to give a directly measuratle j ’ o
Caly one instance is thus fai kuowa vhere Light scattering measurements on a
single microccopic sphero were successfu10, Geueraily, only the effect produced
by & regscnably larse number of sphsres per velums wiifh, N, is well mszsurable,
Since
; .2

V= 6mfa? A7\, em™ Q
were V-i; is the optically effective {(irradiatcd and observed) volume of the
reatiering syvtem, it follows “hat the specific lotensity ol light scattered,
per unit £olid angle and uvnit intensity of the incident be.m, by 1 cm® of the

scattering systen is

whare ((7 %8 the volwne fraction of ihe gpheras. Since
,_22__”’21 g [ EMV R \) "/.3
’ d < ‘\ /\/A ‘/" ) (9)

A
(1 =
‘,u‘

{ Ao



o

n

whers A‘]o iy the vacium wawve length, and u, is the rofractive index of the

mediwn in widch ths spheres are disaolved,m dispersed, or embedded, NA is Avogadro's
number, and V is the partisl specific velume of the spherss. One can determine
the diamater of a spiwre, D, or ils “nolecylar welpnt”, M, by insertiug in eq.
(8) the exrerimental valve of (I/I o @) ( ) extrepolated to zero Q in order to
exelude interference by nltiple scatiering.

On integrating the I, (4) end ,Z‘_( d ) values over the surface of
& Sphare of wnit radiuns and on taking cne half of the sum, cne obtnlns the total
seatiaring cress ssction, A, of @ sphere. It may be calcuvlated more gimply |
from the woletion
A% f i) 24 LB | e &

- L
.

P 2w 4 (10)

which alse follows ddrectly from the ifie theory, {(For 2 cefinition of the symbols
in kg. {10 see eog. ref. 31,
This scabtering crosc sootdcon dees not corrzspond 4o the geometrical

crogy aection. Its vwalue reiative to thalt of the gaomeitrdcal cross section,

I'S2 7. Lo the scalbering coelficient,
- 2l
K= 25 (1)

(where Z is an ebbreviation Yon the swmetion in eg. (10)) oscillates with
docreasing amplitude, sy ¥ incresses, abowub 2 mean value of 2,0, as shown in
Fige 2 for n = 1,207,

The quantisy gavneraily eeasurcd is neither R nor K but the relative loss

in intergity of the incideni heuuw on treversing a systen conltaining B spheres

*For nontraunsparent. l.e. for strongly absorbing acatterers, the value
of K obvigusly should be 1.0 as & -~>@. For {ransparsit scatterers, considered
here, the interforsnce betwven priuary and szcatiered uave in the forward direction
results in a dissipation of anergy a2qual to twice Ghat disslpated by scattering
itseld.
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per cx’. the resultant coefficient of "gpparsnt! abrorption, generally denoted

a8 twrddity

} Tol o N apmd :
To g o (B)=NR e

vhere 320 ir the inteusisy of the incident bosm, I the intensity of the beam
emerging {rom the scabtbering system, and x is the path longth of the scatiering

coll, Introducing og. {7), one obtains the dinensionless guantity

AT _ 3r v _ 6r R _ 37
o a? L.T aiar T 2« (13)

The gpecific turbidity, =, , trerofore gradually dscreases, 2t constunt wave

4 s LR

length, to zoro a3 (¥ incresses, after havingeraverssd one single prominen’
maximm,
Tre quaatities conteined in the surmation Z » Just like those conlyi«

boting 4o 4 {eas. (1) =ad (2)). Gepmd in a very compliceted fashiomon ¥ . m

2 4 . . .
and /f s Wheve /’ ==n (¥, Iacontrast to tids, the situatiun is rather simple

on using the spprorimating theorles considered in Tig. L. Heintednlng the symbolisn

uged ior tre Mic-theopry, oue roadily finds Shatv in the case of the Rayleigh

Lheory .
. N -
ig (p) = Ea® - (2k)
/ l‘ - f& 6’ < r:’.a Y .
Anlal = 5 X1y cm T (25)
1 B \t ’I._ Q {’—
YA ry = -_j___. H 2 ‘\v_ .
- /0 5 ( i+ coas e (16)
whers -
g 7 ez ) fo 2o
5 = [(m2-0 Jm* e 23] ()

Tho layleigh-fans theory yiclds

, 0N ;‘ A & S - \ Q
A v A e T R T TN
SRV Z {6 (18)
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were the "intersorenca” factor

—

and (2.9)
Sy = £ om (t/2)

Since, except for Limited ¢ ranges (ses Fig., 1), (mel) must be wery smell

A

b 181 Wt gy |

O
(ir 1) 20 7 (20)

so that one wzy wrile

g" - (m? - 3

4

L ()= | Gm?a1) 2 9? - (/o0 y) /DE/ ) (18a)

uhdcn s the form of the equation actually given by Rayloigh. Both egs, 118)

28 (Ibal redace, of wovrse, 4o e simvie Rayleigh equetion (36) if df = 1809

wiere P o= 0.
Tue crassicar definition of the interference factor given ia eq. (19)
is voeely Delny usal phonragant in Caver of slternate equivalent formulations,

1t shouw'd aluo r2 noted that She valus <0 F has uee

Ry
"
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5
et

B

P

=

=}

o

g

~

()

[+]
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.} . ey - 2 e \ g A0t -y . .. 27 4.
sheres, onu alon fov rods, disks ard randen eollsT

Iho Sterapson equetion. fivally 2ius

: : L.} 2
o) s Bt e b e mEei ) (mByy S
N % - , %2
AR - ’ i ,Z, 1323 ’Z'--i-\g o A C"
(21)

"Wauavicis (21)._. (22 (23) =n? J2l) pob develeped mxolicitdy in Paf, 7
weve rindly pyovided for this nubls :z;'*,.u.‘.-‘ by rrafessor A ¥, Sieverson.
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which simplifies, for f = 9%0°, to

dlg = Ri, = Eab 6 oA o2
70 ‘670 f [ | 4+ r mz "2 Cz J (23)

IV Survey of Experimeontal Kothods

The purpose of scabttering measvrements on systems containing spheres of
wmiforu size is gererally the determination of the diametor, D, or the wuight,
M, of a sphere., I the srheres do nob 21l have the same size, then evaluation
of the size distribution is an additionsl problem which one may wish to solve
by scattering measuremsnts., The principal experiwenial procedurss awvailable
Lfor a determiration cif D or M are enumerated in Table 1I. Esch procedure is
evaluzted critically as to its meriits and shortcomings to the extend suificient
inforwation is gvailadle. The evaluaiions given are based predominately on the
experience gained in the writer's lsboratory. The remainder of this article is
coacerred primarily with an olaboration of the information given in Table II,

In viev of the large anount of experimental work published in this field and
the resticlted size of this essay, refercnce can be made only to a limited number

of the wortlmhile investigations published by various aathors.

{ 1,__turbidity Measuremeric

. Turbidity measurements are very ativactive because the techniquc is
2

relatively cimple, the particle sizes Qerived are absolute sizes, and precision

and acéursey can be  scaled so high that errors in particle diameter

Lo 35 T 33,31 ey e :
need n?t excesd 28”7, As seen in Fig. 3 s the resulis, are in general,
(. .
}

»

!
1
i
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bi-valued, Measurements at two vave lengths allow ons, however, to decide very
quickly as to whether one operates on the ascending or descending branch of the
relatively simple (%—')/\ va Oy =curve, If m 1s large (77 1.25) secondary oscill-
ations introduce problems in single valuedness at (¥ -values >> 10 . One festure
that requires extramely careful attention is the importance of the solid sngle of
the incident beam, and particularly, of the scattered beam, Unless it is
sufficiently esmall, the results obtained may be quite errcnecus ¥, Another
disadvantage is that a precise knowledge of the concentration of the scatiering
material is mandatory if useful results are to be obtained in monochrumatic
light. On the other hand, extrapolation of (%/) w(% ) to sero conocen~
tration 18 very simple, since the plot of such date against ¢ or { gives at
low concentration a rigorously straight lina35 s which has zaro alope if the
heat of dispersion or of solutiom is zerom. As regards the speed of measure-
ments, turbidity measuremente are most likely the festest possible scattering
measuremonts, considering the time elapsed from the filling of the scattering
cell watil the particle sise evaluated from turbidity tables+?>> is recarded.
The (¥ -range accessible to turbidity measurements is restricted at both very low
end very high (¥ -values, mless in both instances very long cells are employed.
Otherwise the procision is rather poor if O¢ is < ~ 0,3 and > ~~ 50 since the
transmittaicy 1s then far too high at the mandatory low concentrations’

%@

In ordar to provide a simpie correlation betwsen ¢¥ and particle diameter
for those working with visible light, it may be stated that & = 1,0 corresponds
to a particle diamster of 130,302 mcc, if ], = 5460.73 & and if the mediun is
vater at 25.000°C,

™hpne quantity © represents the concentration in g/100ge

mwlz‘.thverylongcem, on the other hand, one may go considerably below
this limiting & -value as documented Ly the quite satisfac moleculsr weight
determination of egg albumin from ths turbidity in 18 cm (M = 47,000 X
1500 as compared to 44,000, the most recent literature data obtained from
sedimentation and diffusion).
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For fwrther information on twrbidity measurements ces also references 37 and
38.

2, Light Scattering at & = 90°
light noattering measurements at sn angle of 50° with respect to the

incident beam have for many years been the favored method in connection with
molecular wedght determinations in macromolscular solutions. In contradistinction
to turbidity measurements, there exists no lower limit for (¥ . Even molecular

weights as low as a few thousand cam, in principle, be detormined quite accurstely.
As shown in Fig. 1>, 90° measurements have the disadvantage in that the results
are miltivalusd wnless the spproximato size range involved is a priori known.

As long as one is certain that <€ { 3 results are merely bivalued so that measure-
mants ab two vave lengths can then resolve the problem. (By using visible light,
this corresonds to an upper value for the particle diameter of approximately

Loo n/g.) As in turtddity measurements, the results in ordsr to be re]iam
require that the coucentration be known as accurately as possible, Murthermore,
the solid anglo should be as emall as is compatible with the requirewsmt of a
reasonably large response of the phototube. It chould prefersbly not exceed
Lxio ™k steradianm or one should extrapclate the experimental data, referred

to unit Solid angle, to zero sclid anglel®, One msjor disadvantage compared

to turbddity moasurements is the fact that the data obtained Ly experimentation
heve to be miltiplied by an instrument sonstant’ bafore they can be coupared to
thooraticel data, If the instrument i3 very well constructed, one may derive

the absolute value of the instrumsnt constant which climinates the empirical
featuro invﬁlved in calibrations. Howewver, the best that ome could accomplish

*Far a comprehensive review of the problem of calibvation see Ref. Ll.
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in this direction thus far is a theoretical constant differing by not more than
15% from that obtained by calibration®, (There 1s no doubt that this uncertainty
can be reduced still further.) An additional feature which complicates 90°.
measurements is the fact that for certain C¥ -values extrapolation of I/Ioc
to gero concentration is rather difficult on account of pronounced changes in
slope at even vary low choo These changes are noe pronounced the larger the
8solid angle of the scattered beam, so that only very drastic reduction of the
golid arngle can resolve this problen, While it thercfore appears that turbidity
measurements deserve preference over 90° msasurements, provided that (¥ - and
mevaluet involved allow one to make precise turbidity measurements, it is
necessary to make one important reservition: the rapld change of scattering
with (U, apparent in Fig. l, makes 90°-measurements un incomparsbly more sensitive
tool for detecting relatively small changes or small differences in site, parti-
oularly in those () -ranges near the turbidity maximum, where the turbidity
changes relatively little with <A . It also has beemn eatablishedho that acouracy
and precision of measurements conducted properly with the proper kind of apparatus

are about the same as for turbidity measurenents.

3. _Scattering Ratio, Polarization Ratio and Depolarization
Most of the drawbacks encountered with measurements of the intensity of

light scattered from an unpalarived (or polarized) beam at 90° with respect to
the incident beam, can be eliminated by mecasuring rather intensity ratios.

There are two possibilities at constant wave length. The first one coasists

of meking two consecutive measuremsnts of the total intensity of light scattered
from a linearly polarized incident beam whose electric vector first vibratee

e considerably less jood agreement actually reported in the pube
lication referred to resulted from an error in calowlation,
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parallel and subsequently perpendicular to the plane of observation. The ratio
of the two quantitdes I /I and IJ_/IO meagured in cuccessiocn, i.e. I, /I,
1s identical with 1, /i, . It has been designated as "scattering ratio®,
The second possibility consists of using an unpolarised incident beam and of
determining with the aid of an analysing prism interposed betwsen scattering cell
and obsorver, first the intensity of scattered light vibrating in the plane of
observation and, subsequently, of that vibrating perpendicular to the plane of
observation. This is the classical procedure in depolarization measurements,
It has been used extensively by LaMerS! and Kerkerl2, particularly in commecticn
with size determinations in sulfur sols., Since these authors uud the ratio
I”/I_L (where the subscripts have now a different meaning from that of above)
also at angles other than 90°, they designated it as "polarization ratioc". In
tha casc of spheres, measurements of the scatiering ratio and of the polarization
ratio (de polarization) give identicsl results. Therefore, the results of
recent systematic theoretd.calhh and ea.pm'imonmhs investigations of the scattering
ratio apply also to the alternate effect.

One of the most obvious advantages of the ratio I”/I_Laa compared to
I/Ioc is that the concentration does not directly enter in the mum~rical results,
Moreover, on extrapolating this ratio to zero conocentration, one will find that,
with very few exceptions, its slope is constant in the range of low oomentraﬁ.onhs.
In addition, the effect of the solid angle is drastically reduced since it affects,
in a first approximation, both denaminator and numerator similarly unless a
scattering maximum or minimm is located at or very near 90° hs. Finally, the
data obtained are sbsolute dat3d which do not require use of an instrument constent
unless the photosensitive area of the photocell is anisotropic or unless there
are some more obvious shortcomings in the optics of the instrument used., It is
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therefore not surprising that the particle sise determinations by means of scettering
ratio (or polarisation ratio) measurements are both highly precise and accurate.
Table ITI shows the good agroement of particle diameters determined from tho
scattering ratio (D,) and by €lectron microscopy (Dg) reapec'bivolyhs. The
only two limitations to the use of the scattering ratio are: 1) as in the pre-
ceding method (2) results on particle size obtained at a single wave length are
mltivalued; 2) in contradistinction to the preceding method, thore is a lower
limit for (¥ below which ths scattering ratio canmot be used, The value of
i/ is sero at @ -values smaller than those given in Table I and it is large
enough to allow precise data of I/‘,/I_‘ only if Q¢ 2, 2.0. The most advantagsous

(X -ranges for the experimental use of the scattering ratio and their dependence

on m follow easily from available dastailed graphs snd tubleshh. I

|
Lis _Dissymmotry |
Pigure 5 shown three characteristic phase in the.changes occurring im 1

|

the radiation diagram of spheres as CU ingreases. Diagrzm A is representative
¢f pure dipolar Rayleigh scattering characterized by perfect symmetyy of the
radiation disgram, Diagram B shows how the radiation diagram becomes dissym- ' |
netricaloncethedimensionaettheapharearaholongermallcompmdtothe i
wave leugth. More light is being scattered ab angles J) 50° then at angles 44 90°, |
This effect, originally called Mie-effoct becsuse it was discovered both J
theoratically and experimentally (through axperiments by Steubing) by Mie, :
is nowadays generally referred tc as dissymeetry, It is clear from diagram B {
in Fig. S thot the ratio of the intensity of light scattered at /aus"- to

that scattered at /= 135% 1.0, I o1, ;. should provide & useful method for 1
particle size determinations. Considering a median m-value of 1,20, it was
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found that thie ratio showld in fact be particularly useful in the range O.k
L0083, Hors, the ratio decreases abowt 200 fold with rising Cf, i.s. it
15 here extremely sensitive o changes in particle sise, It is on accound of
this high sensitivity to verticle dimensions (end to particle shape) in the lower

O -renge immediately following the Rayleigh range that dissympstry msasurements
have assumed an outstending rols in determination of molecular weights and
nmoleculer ghapes in macramolecular chewistry and p!xysica32. There, one rarely
excoeds an (L -valus of O - 0.6 and therefors is virtually free from the risk
of mitivalusdnaess of results. The problem of multiveluedness ie here the samo
as with the two preceding methods. One might remove it by using =23 an additional
arguasat (:F" 1&5/1”'.135) orfand (L, /I-L}hs and (I“ /IJ_ )13;12,1&3‘ At QU —valnes
D 2, no reason can be seen Wy dissymwtry measurements should be perferred to
those of the scatteriug ratio {(depclarization) at 90°%, or at other angles, or

to other mathods to follow baloy.

5, __Forward end Bsckwsrd Scatiering

Scattering in ths forward drection (direcilon of the primary beam) and
backward direction is in epecial cases of major interest., Considecing first
pack scattering, Fig. 5, reproduced from a recent theoretical a‘tuiyhs, shows
that ths maxive snd minima of i follow each other moch faster with increasing

" ¥ than o 90°_(Fj;g. L) amd that the first wacisum ocours at an g -value a&s low
‘a3 145 if m = 1,20, There is certadnly no interest in determining particle

sises or molacular woights by exirapolaidag angular dats&to 01' =0°, However,
tho thooretical data avallabiet®1? are of major interest for the theoretical
treatment of such proviems as visibilily thrcugh illuminated clouds and amokes
a3 & funotion of pariicle siaem. In addition, on taking into accoun’; maltiple

e
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scattering, these data should allow onc to approach the problem of optimm
grain sige in paints and in light and radar reflecting dsvices in a non-empirical,
fundamental way.

Forward scattering, in considerable contrast to back scattering, exhibits
no maximm or minlmm at C¢-values < 15 as long asm(l.zohe. This, agein,
applies to i'., Particle sizes obtainod fram forward scattering, by means of
Zimm plote s, are therefore singls valued within relstively large ranges of values
of the varisbles ¥ and m. An additional attractive featurc is that one may at
sufficiently small m-values use the simple Rayleigh equation (see oq, (16))
without making a major crror in particle dismeter even at (O -values > 10**0
From dotsiled data glven alsewhereha, cna arrives at the followlng approximate

C¥ -valuecs leading to an error in particle diamster in excess of 5% (in trackets:
in excess 0£22%) m using eq. (16) in connecting with forwerd scatteringe

r &
1,05 215 (72)
1,10 12 (K1)
115 42 K1)

Excaept for these two advantages, thers is no incentive to use forward scattering
in preference to the experimentally simpler scattering ratio or turbidity

neasurenrents.

6.__Angular Scaprning
As soon as (¥ is large enough so that the first scattering maximum is

gemerated at d’ 2 0° (Rig. 6) » an intriguing method of particle size deter-

*I¢ may be recalled that the uaxima for’ (I/I c) occur, of course, at
G -values appreciably emaller than those of i, Those of I/I, cocur at the
same (v as those of i if A\ is kept constant,

**he equation sotually involved is the R-G-De equation (18), Since P =1,
if /,, 1809, it reduces for tlis angle %o eq. (16).
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mination begins to become possible. With a further increase in & , the first
neximm moves forvard and a second maximm is being generated at f = % |
Thus, the radiation diagram soon begins to .exhibit a series of maxima and minima
as shown for a limited number of small J'-valnu in diagram C of Pig. 5. It
is therefore possible to determine particle sizes simply by scanning, 1.e. by
determining the angular locatiom of a maximm or winimum or of waxima and/or
minima, Dandliler was the first to give more than cursory attention to this
poseibility, A detailed examination of the theorstical espects and potentisl-
ities of this methodae shows that an unequivocally single-valued answer on particle
size can be obtained on determining both the angulsr location and angular sep-
aration of an intensity waxcimun and of an adjace‘ﬁt intensity minimm. Outstanding
other advantages of the method are: &) the conce};tration has a relatively small
effect upon the angular location of msxima and m 50 51; b) the accuracy
in the particle diameters obtained is very i:igh if a sufficiently small solid
angle is useds]'; c) there is no need for an instrument constent; d) the
gonpitivity of the angular loeatiogz or maxima and winima to changes in partiale
sizes is vax'y' high at engles < 9o°,§more so the closer one approaches to J’ - 0°.
Thers 15 therefors an adventage in voridng &t swall J <values®". (Several
authors have used and advocate the use of maxima or minima close to the forward
direction. By doing this, one loses the two cutstanding advantages of tho
scamming method - high sensitivity to changes in (@ and accuracy of the (¥ -values
derived,); o) interpolation of ¥ ~values from theoretical data (e,g. ref 18) is
relatively secure, with the exception of hdgh orders of maxima end minima, the
(¥ -values associated with an intensity maximm or minimm vary sbove /= Ls°
linearly with | 2 cos (¢ /2) ] % and nearly linearly with it if J < e tar
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rgher order maxima and ud.ns.ma*., Disadvantages of the scanning method ere:
1) The results depend very sirongly on solld angle, more so the more numerous
the maxima and minime are"l, 2) The determination of a scan requires far more
time than most of the other procedures, unless the need for manual operation is
eliminated by automation.

7 Sgo_gtrl
Spectra of the lignht scattering quantities are of interest for several

reasons, First of all, they allow one by vormaliszation to eliminate the direct
contribution of errore in concentration determinations to the accuracy of perticle
sizes to be .erived from (% ) or (I/Ioc)J/., For this purpose, one simply uses
as & criterion of particle size coincidence of a mormallzed section of the experi.-
mental turbidity spectrum or of the scattering spectrum at a given angle of
with a normalized section of the corresponding theoretical Wszo The
same purpone 1s served by comsidaring instead of a epsctrum of findte width
rather a differential spsctrum, This is done in particle size determinations
by meane of the "wave lengih eacpwent."53’5]" 38° The latter is of partiocular
interest if the objective of the measurement is gpead without need of high
acourscy, the former is indicated if high accurasy is the prime objective and
time roquirement is of secoudary considsration.
The aseccnd possible motivation for tne study of spectra is eliminatior of
multivalued snswers on particle aize, which arise o using ssverel of the
methods discussed sbove (2, 3, and j). There iz no instence where use of spectra
(if necessary of two quantities) cannot resolve the problem of multivaluedness,
Thirdly, spectra observed with incident polychromstic (e.g. widte)

*If m > 1,20, these siuple relationships gradually become invalid snd
the wovenent of the maxima and sdnima with increase in (¢ may become quite

complicated,
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light rather than those obtained by systematic variation of wave length in
scattering experiments may provide an extremely convenient, although not highly
acourate, method of rapld particle aice determinstions. Thus, the turbidity
spsctrun «xhivited by the setiing sun could, depending on the particular hue
within the limits of light arange and deep red, give information on the amount
and/or approximate size of dust in the atmosphere. 0 particular interest,
howsver, are ths colors which one can ohbserve in the light scattered laterally
by systems which contadn particles of ncarly uniform size. These colors which
vary on varying the’ane:le of obaervation systematically Detwsen 0% and 180° were
discoversd by Ray’>, but they were symtematioally studied first and forsmost
by Lakier37958 yno designated ths m as "Higher Order Tyndall Spectza® (HOTS),
In LaMer’s method, one determines ths angle J/ et which a characteristic color
band (a "red bend" is preferred) is observed, By ealibration or by using composite
sngular Mie data, particle sizes follow immediately. These colora are, of course,
& consequence of ths fact that the lataeral scattering maxima and minime (ses
Fig. 5 ) move, at constant particle sisze, towards the forward direction as the
wavelength deoreases, This is shown on one mnples‘l in Fig. 7. Cousequently,
a distinct color will be observed st that angle J' at which scattering reaches
either a maximsl or minimal value at a wava length conteined within the visible
spectrun. Thie also 48 shown in Fig. 7 (dashed ourve). While particle eises
determined by means of HOTS can, of course, not possibly compete in accuracy
with those obtained in monochrmmatic light from the location of angular waxima
and minima, the method is very alegant and very simple and, therefore, has distinct
advantages whenever speed in the determination of approximste particle sizes is
essential, and whenever the systen is sufficiently monodisperse to malos the
wmethod applicable,
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The fourth snd last reason which makes the study of light scattering
spectra attractive is their paramownt importance in determining sise distri-
bution curves. Extensive scrutiny of the scattering effects wmost sulted for a
dstermination of sise distribution curves led to the selection of the spectra of
the scattering ratio at 4 = 90° as the primary oriterion®! and of the trubidity
spectry as an auxiliary cﬁtorions 8,"
of increasing heterodispersion upon the amplitude in the oscillation of the
scattering ratio using a particular type of distribution curve picked for the
study of cmh:lonaﬂ. (The Basic effact of heterodispersion, illustrated in
Fig. 8, is, of course, independent of the type of distribution assumed,) Figure
9, finally shows the remarkably high resolving power of scattering spectra in
determining sise distribution curves, This figure ® gives the sise distribution
curve of a latex generally referred to as 'monodisperse”.

o Figure 8 shows the theoretical effect

While the study of turbidity and scattering spectra possesses, therefore,
many sdvantages over the study of these phenomena in monochromatic light, there
are, of course, several disadvantages. One is the fact that the experimental
setup is more complicated except for the very simple method of HOTS observatiom.
Another, far more serious disadvantage, is the importance of dispersion corrections
which have been neglected by various authors but can be neglected only if (a)
rigorously accurate sives or size distributions are not aimed at or if (b) the
dispersion of the scattering material and of the dispersing medium or solvent

are nearly tiae sams,

'Undoubtedly the angular variation of scattering also can provids a
powerful tool. In order to meke if spplicable, angular scattering functions
are now being extended to C -valuss > 7.0 (ses ref. 18).

e
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TABLE I

LIMIT OF VALIDITY OF THE RAYLEIOH EQUATICN

The O¢ ~values given are the upper limit, at the respective
n, beymd ¥idoh the Bayleigh specific turbidity equation €13)
gives X -values in error by more then 2%%,

. » o

1.05 0,23
1.10 0.25
1.15 0,28
1,20 0.1
.25 0.35
2.30 0ols2

®
This Table is rsproduced from the table given in Raf, 6,
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TABIE TI

ADVANTAGES (+) AND DISADVANTAGES (~) OF VARIOUS
LIGHT SCATTERING MEBTHODS

1 2 3 4k 85 6 % 8

1, Twhidity + * - - + + + z ;53
2. Scattering at 4 = 90° - o - « £ + + MR

3, State of Polarisation at 90° + <« + + + ¢+ > 2.0
Lo Dissymmetry S + + + D0
5. Foruard Scattering ( 4 =180°) =  + + 2 . ]

6. Angular Scanrdag L R S S T > 1.5
7. Spectra of 1, 2; 3; é + 2+ 2 o+ 2 L s

Code

1: Particle size dérive: is absolute (*); requires use of instrument
constant (=),

2: Papticle size dorived is single valuned (+); multivalued (=).

3: Solid mg](.o)of scattered beam affects result very littls (+); very
mch (=),

4: Exact knowledge of concentration is not important (+); very importamt (~).

S: lxtrapolation of effect to zerc concentration is easy (straight
limitdng slops) (+); difficult (curves) (-).

6: Execution of experimemt roquires littls time (+); mch time (-).
T: Precision of data bdgh (+); low ().

8: @ ~Range accessille for quantitative work if w = 1,20 (both lower
and and upper limits decrease with increasing m).

NRs No Restriction
#: Depends on (¢ -valuss whedher + or ~.

27
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TABLE III

COMPARISQY OF PARTICLE DIAMETERS FROM
SCATTERING RATIO AND ELECTRON MICRUSCOPY

(Polyvinyltoluens) (m = 1..188)

a’ ‘

- T S
42 0 ol 163 163 +
23 Q.17 307 315 2.5

2013 il - 8 -
138 0037 7 x* -1,0
L3B 0.21 3 Lus -3.1
Lha 0.092 507 Lg2 3.0
u3C 0.10 51k 528" <247
L3c 0.21 554 558 ~0.7
k3c 0.3 €85 699" ~2,0
A} 0.26 = 0.30 562 ~ 569 587 =3el = L3
LyB " - 60 -
Lkc 0.18 772 780" 1.0
Lhe 0.29 s1z2 82 ~1.5

sdiormalized Particle Diaxeters
suExtrapolation to 0¥, unsafe




Figue 1

LEGENDS TO FIGURES

Error Contour Chart

Contour lines indicate 5§ deviation of (A T/c) -values
relative to value derived from Mie-theory.

Scattering Coefficient for m = 1.20

Variation of U/c of Spheres with &

Vacuum wave length A _ = 5460.73 A; medium: water at
25.000°C; concentratiof ¢ in g/100 g.

Veriation of Specific 29° Scattering of Spheres with & and m

Total scattering from sn unpolarizeg incident bean, Ao -
5460.73 A; medium: water at 25.000°C.

Scattering in the Backward Direction ( g = 0°)

Iateral Maxima and Minime at Various Wave Lengths and Ratio of

=

BmeZYeJ.low Intensities

Numbers on fully drawn curves indicate factor by which scattered
intensities relative to intensity of incident were mmltiplied in
order to obtain normalized intensity (1.0) at minimum. Dashed
Curve: Blue/Yellov intensity retio (right ordinate).

Theoretical Variation of Moxima and Minima of ngatter;_gg Ratio
Jarization) with Increase in Width of the Size Distribution
Curve as Expressed by Increasing qr - Values

Increase in Qg means an increase in the width of the distribution

curve. (For further explamations, see Stevenson, Heller and Wallach

(Ref. 5T)

Size Distribution of a Monodisperse Polyvinyltoluene Lotex as

Determined by Light Scattering and by Electrommicroscopy

The quantity C is proportional to the mumber of particles of a
given radius r.
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